The O-antigen gene clusters of Escherichia coli serogroups O2 and O28ac were sequenced, and PCR assays were developed to identify strains belonging to these 2 serogroups. Sixteen and 8 open reading frames were mapped to these loci in E. coli O2:H4 U 9-41 and E. coli O28ac:H25 96-3286, respectively. The wzx (O-antigen flippase) and wzy (O-antigen polymerase) genes in the E. coli O2 and O28ac O-antigen gene clusters were selected as targets for PCR assays for their identification. PCR assays targeting the wzx and wzy genes were specific for these serogroups, with one exception. Escherichia coli serogroup O42 strains gave positive results with wzx and wzy PCR assays targeting E. coli O28ac, and antiserum raised against O42 cross-reacted with serogroup O28ac strains. The O-antigen gene cluster of a strain of E. coli serogroup O42 was sequenced, and there were only 3 nt differences between the O-antigen gene clusters of the O28ac and O42 strains. Multiplex PCR assays targeting the O2 wzx gene, the stx1, stx2, hly, eae, and saa genes, and the O28ac wzx, ial, ipaC, and ipaH genes were developed for detecting Shiga toxin-producing E. coli O2 strains and enteroinvasive E. coli O28ac strains, respectively. The O2 and O28ac wzx and wzy genes can be used as diagnostic markers in PCR assays for rapid identification of these serogroups as an alternative to serotyping, and the multiplex PCR assays targeting serogroup-specific genes in combination with virulence genes can be used to identify and to detect pathogenic serogroup O2 and O28ac strains. 
Introduction
The 6 major categories of human diarrheagenic Escherichia coli strains include (1) Shiga toxin-producing E. coli (STEC), of which enterohemorrhagic E. coli (EHEC) is a subgroup; (2) enterotoxigenic E. coli (ETEC); (3) enteropathogenic E. coli (EPEC); (4) enteroaggregative E. coli (EAggEC); (5) enteroinvasive E. coli (EIEC); and (6) diffusely adherent E. coli (DAEC) (Smith and Fratamico 2005) . Numerous STEC (also referred to as verocytotoxin-producing E. coli or VTEC) serotypes have been identified and have been responsible for sporadic cases and outbreaks of hemorrhagic colitis and hemolytic uremic syndrome (Nataro and Kaper 1998; Karmali 2003) . STEC that cause hemorrhagic colitis and hemolytic uremic syndrome are often referred to as EHEC (Gyles 2007) . In the United States, E. coli O157:H7 is the most important EHEC serotype. STEC-EHEC strains possess a number of virulence genes, and the genes that encode Shiga toxins are the most critical. There are 2 types of Shiga toxins, Shiga toxin 1 (Stx1) and Shiga toxin 2 (Stx2), and a number of variants of these toxins have been described (Gyles 2007) . Other virulence factors of E. coli O157:H7 and non-O157 STEC include the eae (encoding for the intimin protein), hlyA (a plasmid-encoded hemolysin), saa (STEC agglutinating adhesin) (Paton et al. 2001) , toxB (plasmid-encoded adhesin), and efaI (EHEC factor for adherence) (Gyles 2007) . STEC serogroup O2 strains belonging to different H types, including H -, H1, H4, H5, H8, H25, H27, H29, H45, and others have been cultured from humans with diarrheal illness, healthy and diseased animals, and food (Reischl et al. 2002; Bettelheim 2007; Cho et al. 2007; Islam et al. 2007 ; http://www.microbionet.com.au/vtec1u.htm). Increasing numbers of cases and outbreaks due to non-O157 STEC infections are being reported worldwide. Improved detection methods for non-O157 STEC, including STEC O2 strains, will increase our understanding of their environmental importance and their contribution to morbidity and mortality. Furthermore, the use of antibiotics for the treatment of a STEC infection is contraindicated, since it increases the risk of developing hemolytic uremic syndrome (Wong et al. 2000) ; therefore, the use of rapid methods is important for diagnosis of STEC infections. Escherichia coli serogroup O2 strains also cause extraintestinal infections in chickens, turkeys, and other avian species, and these strains are known as avian pathogenic E. coli (APEC) (Dho-Moulin and Fairbrother 1999) .
EIEC and Shigella spp. cause an invasive, dysenteric form of diarrheal illness known as bacillary dysentery, and outbreaks have been linked to unpasteurized milk, beef, and cheese. EIEC strains elaborate a cytotoxin and an enterotoxin and possess a ca. 220 kb virulence plasmid, which carries genes that encode for a type III secretion system along with genes involved in entry into epithelial cells and movement of the bacteria from cell to cell. These include the ial (invasion associated locus), ipaC (invasion plasmid antigen C), and ipaH (invasion plasmid antigen H) genes (Fasano et al. 1990; Parsot 2005) . These genes are located on a large virulence plasmid in EIEC strains, and PCR assays targeting them facilitate the differentiation of EIEC from other pathogroups of E. coli. EIEC serogroup O28ac strains are primarily associated with diarrhea in children (Pal et al. 1997) . Moreover, STEC O28ac strains have also been identified. A stx 2 -carrying O28ac:H25 strain caused bloody diarrhea in a patient in Montana (Jelacic et al. 2003) , and STEC O28ac:H21 was isolated from cattle in India (Pal et al. 1997 (Pal et al. , 1999 .
The O-antigen contains many repeats of an oligosaccharide unit (O-unit) and is located on the outer membrane of gram-negative bacteria, where it contributes to the antigenic variability of the cell surface (Reeves and Wang 2002) . Traditionally, E. coli serotyping to distinguish the different E. coli O serogroups is performed by agglutination reactions using antisera raised in rabbits against the different O-antigen standard reference strains. However, antisera used for serotyping can only be generated by specialized laboratories with animal facilities, and traditional serotyping is laborious, time consuming, and often generates equivocal results due to cross-reactions between different serogroups. Thus strains are frequently mistyped or mutant rough strains arise that are nontypeable. More definitive E. coli typing data could be achieved using rapid and specific molecular-based techniques, such as PCR.
The genes involved in the biosynthesis of O-antigens in E. coli are located in the rfb-encoding O-antigen gene cluster flanked by the galF and gnd genes in the E. coli chromosome. A number of E. coli O-antigen gene clusters have been characterized (Wang et al. 2001; DebRoy et al. 2005; Fratamico et al. 2003 Fratamico et al. , 2005 . Several genes in these clusters, in particular the wzx (O-antigen flippase) and wzy (O-antigen polymerase) genes, show relatively low similarity among different E. coli serogroups, and PCR primers targeting these loci have been developed, thereby providing for serogroupspecific PCR assays (Wang et al. 2001; DebRoy et al. 2004 DebRoy et al. , 2005 Fratamico et al. 2003 Fratamico et al. , 2005 .
Not all E. coli strains belonging to serogroups O2 and O28ac carry the virulence genes characteristic of STEC-EHEC or EIEC, respectively; therefore, PCR assays targeting serogroup-specific genes and virulence genes specific for O2 and O28ac can be used to identify these 2 serogroups, as well as to distinguish pathogenic from nonpathogenic strains. Thus, the objective of the current study was to sequence the O-antigen gene clusters of E. coli serogroups O2 and O28ac and identify specific genes that can be used as diagnostic markers for these serogroups. As E. coli O2 and O28ac strains are human pathogens, multiplex PCR assays targeting virulence genes and genes in the O-antigen gene clusters of the 2 serogroups were developed. These assays could potentially be employed for detection and for clinical diagnosis of diseases caused by these E. coli serogroups.
Materials and methods

Bacterial strains and growth conditions
Escherichia coli strains used for sequencing were E. coli O2:H4 strain U 9-41 (Ørskov et al. 1977) , E. coli O28ac:H25 strain 96-3286 (Centers for Disease Control and Prevention (CDC), Atlanta, Ga.), and E. coli O42:H37 strain P11a (Ørskov et al. 1977) . 2 Bacteria used to test for the specificity of PCR included the following: 21 STEC O2 strains, 85 O2 field isolates, 54 non-O2 field isolates, 4 E. coli O28ac:H -strains (provided by Dr. James Nataro, University of Maryland School of Medicine, Baltimore, Md., and described by Fasano et al. 1990) , 1 E. coli O28ac field isolate, 35 serogroup O28 E. coli strains, 50 non-O28ac field isolates, and 10 O42 field isolates. The specificity of the PCR assays was also tested against 167 E. coli standard reference strains used for serotyping at the E. coli Reference Center at The Pennsylvania State University, University Park, Penn. The E. coli standard strains used in this study belonged to serogroups O1 through O175, but excluded O14, O31, O47, O67, O72, O93, O94, and O122, since these serogroups have been deleted from the classification (Ørskov et al. 1977) . In addition, strains representative of other bacterial genera (n = 21) were tested, and these included one strain each of Genomic DNA was isolated using the DNeasy Tissue Kit (Qiagen, Inc., Valencia, Calif.) according to the manufacturer's instructions. Long PCR assays were performed to amplify the O-antigen gene clusters using the Expand Long Template PCR System (Roche Applied Science, Mannheim, Germany) and JUMPSTART (named for ''just upstream of many polysaccharide-associated gene'' STARTs) and GND (6-phosphogluconate dehydrogenase gene) primers that flank the E. coli O-antigen gene clusters essentially as previously described (Fratamico et al. 2003 ) and using 5 mL of template DNA (ca. 500 ng) and primers at 0.5 mmol/L. In addition, the primer annealing temperature was set at 64 8C. The sequence of the JUMPSTART sense primer was 5'-ATTGGTAGCTG-TAAGCCAAGGGCGGTAGCGT-3', and the antisense GND primer sequence was 5'-CACTGCCATACCGACGACGCC-GATCTGTTGCTTGG-3' (Invitrogen Life Technologies, Inc., Carlsbad, Calif.). Long PCR amplicons were purified using the DNA Extraction Kit (Fermentas Inc., Glen Burnie, Md.) and then subjected to partial digestion with NlaIII and Sau3AI restriction enzymes to generate enriched DNA shotgun libraries by ligating these partially digested PCR products (>1 kb) with SphI and BamHI-digested pUC19, respectively. DNA sequencing was performed using a 3730 DNA Analyzer (Applied Biosystems, Foster City, Calif.) and the Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems). Since the 5'-and 3'-end sequences of the long PCR products were not covered by the DNA shotgun library, the 2 ends were sequenced by using the purified long PCR product and the JUMPSTART and GND primers. Gene sequence data were assembled by using Sequencher software (Gene Codes Corporation, Ann Arbor, Mich.), and the open reading frames (ORFs) were located using Artemis software (Rutherford et al. 2000) . A cutoff value of 100 amino acids was used for annotating ORFs. Putative gene function was ascertained by BlastP analysis. 
Specificity of the PCR assays
Bacterial DNA used as templates for PCR assays was isolated as previously described . PCR primers (Table 1) were designed from the E. coli O2 and O28ac wzx and wzy genes using the Primer3 software program (http://frodo.wi.mit.edu/primer3/). Multiplex PCR reactions targeting the wzx and wzy genes of E. coli O2 and O28ac serogroups were performed and analyzed as described previously ) using 3 mmol/L of MgCl 2 in a RapidCycler (Idaho Technology, Inc., Salt Lake City, Utah) and the rapid cycle DNA amplification method. For E. coli O2, cycling conditions consisted of denaturation at 94 8C, annealing at 56 8C, and extension at 72 8C for 55 s. For multiplex PCR assays with simultaneous amplification of the E. coli O28ac wzx and wzy genes, the cycling conditions consisted of denaturation at 94 8C, annealing at 58 8C, and extension at 72 8C for 25 s.
Multiplex PCR assays for detection of STEC O2 and EIEC O28ac strains
Multiplex PCR assays were developed for the detection of STEC-EHEC serogroup O2 strains, targeting the O2 wzx, stx 1 , stx 2 , hly, eae, and saa genes, and for EIEC O28ac strains, targeting the O28ac wzx, ial, ipaC, and ipaH genes. DNA was extracted from isolated colonies using the PrepMan Ultra reagent (Applied Biosystems) following the manufacturer's instructions. The multiplex PCR assays were performed using the QIAGEN Multiplex PCR Kit (QIAGEN, Valencia, Calif.), following the universal multiplex cycling protocol provided by the manufacturer and using an annealing temperature of 57 8C in a GeneAmp PCR System 9600 thermal cycler (Applied Biosystems). A 5 mL sample of template DNA was used in a 50 mL total reaction volume containing 0.25 mmol/L of the primers (Table 1) . Escherichia coli strains from the culture collection at the Eastern Regional Research Center, Microbial Food Safety Research Unit, which carried each of the target virulence genes, were used as positive controls for the PCR assays. The PCR products were resolved by conventional agarose (1.5%) gel electrophoresis containing 0.5 mg/mL of ethidium bromide and then visualized under UV light and photographed.
Detection of E. coli O2 and O28ac in dog fecal samples
Escherichia coli O2:H27 1.2740 (E. coli Reference Center strain collection) and O28ac:H -CVD/E1-1 (James Nataro, University of Maryland) strains were cultured overnight in Luria-Bertani broth and then serially diluted in 0.1% peptone. Samples of dog feces (2 g) were each inoculated with 2 mL of the diluted cultures containing ca. 10 colony-forming units of each strain in a Seward Stomacher filter bag (Cole Parmer, Vernon Hills, Ill.). Then 100 mL of modified TSB (mTSB) medium (Possé et al. 2008 ) was added, followed by enrichment as described by Possé and co-workers (2008) . However, 10 mg/L of cefsulidin was added to the mTSB instead of 8 mg/L of novobiocin. A 1 mL sample of the enrichment was centrifuged for 2 min at 16 000g, the supernatant was discarded, and the pellet was washed once with 1 mL of sterile water. The pellet was resuspended in 200 mL of PrepMan Ultra, and the DNA was extracted as described previously. A 1 mL sample of the extracted DNA was used in the multiplex PCR assays as described previously, and the PCR products were analyzed by agarose gel electrophoresis.
Nucleotide sequence accession numbers
The DNA sequences of the O-antigen gene cluster of O2:H4 U 9-41, E. coli O28ac:H25 96-3286, and E. coli O42:H37 P11a were deposited in GenBank under the accession No. EU549863, DQ462205, and FJ539194, respectively.
Results and discussion
The genes that encode proteins within the E. coli O-antigen gene clusters consist of 3 categories: nucleotide sugar biosynthesis, glycosyl transferase, and the O-antigen processing genes (Samuel and Reeves 2003) . Nucleotide sugar biosynthesis gene products are involved in the biosynthesis of the nucleotide sugar precursors in the O-antigen, which occurs in the cytoplasm. Glycosyl transferases usually have narrow substrate specificity and are responsible for transferring the various precursor sugars to form an oligosaccharide on a carrier lipid, undecaprenyl phosphate (UndP), located on the cytoplasmic side of the inner membrane. O-antigen processing proteins include a flippase (Wzx) and the O-antigen polymerase (Wzy). Wzx flips the O-unit across the inner membrane. After the UndP-linked O-unit has been translocated across the cytoplasmic membrane, the O-units are enzymatically bonded by Wzy through the formation of a classical glycosidic linkage. Although both Wzx and Wzy are membrane proteins and usually have low similarity among different bacteria, the action of Wzx is not very specific, while the Wzy activity is substrate specific (Samuel and Reeves 2003) .
DNA sequences of 8579 and 14 063 bp were obtained from the E. coli O28ac and O2 O-antigen gene clusters, respectively. The O-antigen gene cluster of E. coli O2:H4 U 9-41 contained 16 ORFs ( Table 2 ), and that of E. coli O28ac:H25 96-3286 contained 8 ORFs (Table 3) , all oriented in the same transcriptional direction from galF to gnd. The deduced amino acid sequences from these ORFs were used to search the NCBI database to aid in their annotation and to determine their possible functions. Gene names were assigned on the basis of the Bacterial Polysaccharide Gene Nomenclature system described by Reeves et al. (1996) (http://www.microbio.usyd.edu.au/BPGD/big-paper.pdf).
Sequence analysis of the E. coli O2 O-antigen gene cluster
Genes involved in the sugar biosynthetic pathway
The O2 O-antigen gene cluster shown in Table 2 has 4 ORFs that encode for the structural genes rmlA, rmlB, rmlC, and rmlD. These genes are found in O-antigen gene clusters of other bacteria and encode for enzymes in the dTDP-L-rhamnose pathway, which make rhamnose from glucose-1-phosphate. rmlA-D encode for the enzymes glucose-1-phosphate thymidylyltransferase, dTDP-glucose 4,6 dehydratase, dTDP-4-dehydrorhamnose 3,5-epimerase, and dTDP-6-deoxy-D-glucose-3,5 epimerase, respectively, and the ORFs showed relatively high similarity to rmlABCD in other bacteria. As in other O-antigen gene clusters, the order of the genes in E. coli O2 was rmlBDAC (Samuel and Reeves 2003) . However, O-antigen gene clusters may carry only rmlAB or rmlABC, and these genes might be involved in pathways for the synthesis of other sugars (Samuel and Reeves 2003; DebRoy et al. 2005; Fratamico et al. 2005) . For example, synthesis of dTDP-L-talose requires rmlABC (Samuel and Reeves 2003) , and rmlAB together with fdtA, fdtB, and fdtC are involved in the synthesis of dTDP-3-acetamido-3,6-dideoxy-alpha-D-galactose (Feng et al. 2004b ).
O-antigen processing genes
ORF7 showed 70% similarity to a polysaccharide biosynthesis protein in Pectobacterium carotovorum (Table 2) and also some similarity to a number of Wzx proteins in different microorganisms. ORF7 contained 12 transmembrane segments shown by HMMTOP analysis (Tusnády et al. 2001) , which is typical of Wzx proteins. Therefore, ORF7 was proposed to encode a flippase and was named wzx. ORF10 shared 44% similarity to a hypothetical protein Gura_3055 in Geobacter uraniireducens Rf4, and HMMTOP analysis showed that it contained 9 transmembrane helices. Therefore, ORF10 was proposed to encode the O-antigen polymerase and was named wzy.
Transferase and other genes
ORF3 (glucose-1-phosphate thymidylyltransferase) is involved in the synthesis of dTDP-rhamnose. ORF8, ORF11, and ORF12 (glycosyl transferases) encode for putative sugar transferases. ORF6 showed homology to genes that encode for glutamine amidotransferases. In E. coli O145, glutamine amidotransferase (WbuY) was proposed to be involved in the formation of an ammonia tunnel, which transfers ammonia to another protein (Feng et al. 2005) . Since there are 3 glycosyl transferases, the structure of the O2 O-antigen gene cluster is likely a tetrasaccharide or pentasaccharide containing L-rhamnose; however, the structure and sugar composition of the O-unit in the O2 serotype strain has yet to be determined. The gene cluster also contains genes that encode for transposases (ORF13, ORF15) and a sulfatase (ORF16). The ORF14 showed similarity to an H repeatassociated protein. In E. coli K12, 5 Rhs loci associated with H-rpt sequences are dispersed within the genome and provide homology for RecA-dependent rearrangements (Zhao et al. 1993) . Xiang et al. (1994) found that the Salmonella serogroup D2 O-antigen gene cluster was a hybrid of those of serogroup D1 and E1, and the D1 and E1 sequences were separated by an H-rpt element associated with Rhs loci. Thus, the serogroup D2 O-antigen gene cluster was produced through recombination events with serogroups D1 and E1. The presence of transposases (ORF13 and ORF15) and H repeat-associated protein (ORF14) between the genes encoding for the glycosyl transferase and sulfatase indicate the likelihood that in the case of the E. coli O2 O-antigen gene cluster, the sulfatase gene (ORF16, Table 2 ) might have been acquired through a DNA recombination event. 
Sequence analysis of the E. coli O28ac O-antigen gene cluster
Sugar biosynthetic pathway genes
The structure of the E. coli O28ac O-antigen polysaccharide has been elucidated and contains N-acetylglucosamine, acetylgalactofuranose, and glycerol phosphate (Rundlöf et al. 1996) . Genes that are responsible for N-acetylglucosamine and glycerol synthesis are regarded as housekeeping genes and were not present in the O28ac O-antigen gene cluster. ORF8 showed 82% similarity with UDP-galactopyranose mutase (Table 3) , which catalyzes the reversible interconversion of UDP-galactopyranose and UDP-galactofuranose reaction (Nassau et al. 1996) . The UDP-galactopyranose encoded by glf has been shown experimentally to be involved in galactofuranose biosynthesis (Nassau et al. 1996) . Since the E. coli O28ac O-unit contains acetylgalactofuranose, it would be expected that the gene encoding UDP-galactopyranose mutase would be present in the O-antigen gene cluster of E. coli O28ac. The UDP-galactopyranose mutase gene was also present in the E. coli O16 (Marolda et al. 2004 ) and O52 (Feng et al. 2004a ) O-antigen gene clusters. Therefore, ORF8 was identified and named glf based on its high homology with Glf.
O-antigen processing genes
ORF2 showed 55% similarity to the polysaccharide biosynthesis protein that was involved in polysaccharide biosynthesis in Actinobacillus succinogenes 130Z. In addition, ORF2 shows some similarity to a number of Wzx proteins in different microorganisms and contained 10 transmembrane helices as shown by HMMTOP analysis (Tusnády et al. 2001) . Therefore, ORF2 was proposed to encode a flippase and was named wzx. ORF4 shared 50% similarity to a hypothetical protein PA2G_02559 in Pseudomonas aeruginosa 2192. ORF4 also showed similarity to secreted polysaccharide polymerases in Bacillus cereus. HMMTOP analysis showed that ORF3 contained 15 transmembrane helices; therefore, ORF4 was proposed to encode a polymerase and was named wzy.
Transferase genes
The E. coli O28ac O-unit is a tetrasaccharide, and there are 2 glycosyltransferases in the O-antigen gene cluster. ORF5 and ORF6, named wbeX and wbeY, respectively, both show homologies to glycosyltransferases. ORF1, named wegS, showed very high similarity (92%) to the WffW protein in Shigella dysenteriae that might have glycerol-3-phosphate cytidyltransferase activity, indicating that ORF1 could be a glycerol-3-phosphate cytidyltransferase. ORF3, named wbeS, showed 48% similarity to a teichoic acid biosynthesis protein that might have glycerophosphotransferase activity, indicating that ORF3 could be a glycerophosphotransferase. Since the polysaccharide of E. coli O28ac contains glycerol phosphate, we proposed that ORF1 and ORF3 might be responsible for the transfer of a phosphate to glycerol to form glycerol phosphate. ORF7 (wbeZ) showed 60% similarity to the acyltransferase in Aliibrio salmonicida.
Since the E. coli O28 polysaccharide repeat unit contains acetylgalactofuranose, ORF7 could be responsible for the addition of the acetyl group to galactofuranose to form acetylgalactofuranose.
Specificity of the PCR assays and sequencing of the E. coli O42 O-antigen gene cluster
The PCR assays targeting the E. coli O2 wzx and wzy genes showed 100% specificity when tested using DNA from the E. coli and non-E. coli strains listed previously. There were no nonspecific PCR products detected. Escherichia coli and Shigella species often display similar antigenic components, complicating their differentiation and reliable identification. Cheasty and Rowe (1983) investigated the antigenic relationships between several EIEC serogroups, including O28ac and Shigella species. Cross-reactions were found between E. coli O112ac, O124, O136, O152, and O164 and Shigella species, indicating that they had similar O-antigens. However, there was no cross-reactivity of E. coli O28ac with Shigella species using specific antisera. In the current study, the PCR assays targeting the E. coli O28ac wzx and wzy genes were specific when tested using DNA from the E. coli and non-E. coli strains listed previously; however, 10 E. coli O42 field isolates and the E. coli O42 P11a standard strain produced PCR products using primers targeting the E. coli O28ac wzx and wzy genes. Therefore, the O-antigen gene cluster of E. coli O42:H37 P11a was sequenced to determine the similarity of the O28ac and O42 O-antigen gene clusters. When both complete sequences were compared, only 3 point mutations in the wbeX (ORF5) and wbeY (ORF6) genes were observed. All these mutations resulted in amino acid substitutions in the corresponding ORFs. An adenine to cytosine transversion in the wbeX gene (at nucleotide 5158) resulted in a Lys (DQ462205) to Asn (FJ539194) substitution, whereas a guanidine to adenine transition within the wbeY gene (nucleotide 5561) resulted in a Ser (DQ462205) to Asn (FJ539194) substitution. A thymine to cytosine transition in the wbeY gene (nucleotide 5996) resulted in a change of amino acid from Leu (DQ462205) to Ser (FJ539194). Thus E. coli O28ac and O42 likely represent one serogroup, since the sequences of the O-antigen gene clusters were very similar, and there was cross-reactivity in the antisera raised against O28ac and O42. However, structural analyses comparing the O-antigens of these 2 strains are warranted.
Multiplex PCR assays for detection of STEC O2 and EIEC O28ac strains
The multiplex PCR assay for detection of STEC O2 targeted the O2 wzx gene (819 bp product), and the STEC saa (119 bp), stx 1 (180 bp), stx 2 (255 bp), eae (384 bp), and hlyA (534 bp) virulence genes. For EIEC O28ac, the target genes were the O28ac wzx gene (554 bp) and the virulence genes, ial (320 bp), ipaH (424 bp), and ipaC (862 bp). All 4 O28ac strains were isolated from patients with diarrhea, and all were positive for the O28ac wzx, ial, ipaH, and ipaC genes (Fig. 1) . Interestingly, the strain used for sequencing the O28ac O-antigen gene cluster in this study, clinical isolate E. coli O28ac:H25 96-3286 obtained from the CDC, harbored the O28ac wzx and wxy genes; however, it lacked the EIEC ial, ipaH, and ipaC genes. Instead, this strain carried the stx 2 gene, but not the hlyA, eae, saa, and stx 1 genes associated with STEC (Fig. 1, lane 12) . Therefore, STEC O28ac strains that cause human illness can be found, and it is possible that these strains might carry genes that encode for virulence factors other than hlyA, eae, and saa.
None of the STEC O2 strains examined in this study carried the eae gene that encodes for the intimin protein involved in the formation of attaching and effacing lesions or the saa gene that encodes for the STEC autoagglutinating adhesin (Fig. 1) . Two of the strains were clinical isolates obtained from the CDC (O2:H27 SJ5 and O2:H27 SJ6). Therefore, the eae and saa genes might not be essential for causing diarrhea, and these strains might carry other virulence genes. All the O2 strains were positive for the O2 wzx gene and the hlyA genes, and they carried stx 2 or stx 1 and stx 2 . A STEC serogroup O74 strain that was tested carried the saa gene, in addition to stx 1 , stx 2 , and hlyA (Fig. 1, lane 11) .
Escherichia coli O2:H27 1.2740 and O28ac:H -CVD/E1-1 were detected in dog feces (2 g) inoculated with 10 colonyforming units after 24 h of enrichment in mTSB using the multiplex PCR assays. PCR products for the O2 wzx gene, stx 1 , stx 2 , and hlyA genes in samples inoculated with E. coli O2:H27 and PCR products for the O28ac wzx gene, ial, ipaH, and ipaC genes in samples inoculated with E. coli O28ac: H -were obtained (data not shown).
Conclusions
Previously, we developed a model microarray-based E. coli typing assay for rapid identification of different serogroups of E. coli in a single platform (Liu and Fratamico 2006) . Sequences in the O-antigen gene clusters of several E. coli serogroups were spotted onto these microarrays, and specific signals were generated for each serogroup tested using labeled long PCR products or genomic DNA. Sequence information of additional O-antigen gene clusters, including those from E. coli O2 and O28ac, will help us to broaden our development of these diagnostic DNA microarrays for the accurate identification of E. coli isolates. We are also investigating other types of multiplex detection systems that can be used to identify the E. coli O serogroup, H type, and virulence genes simultaneously on a single diagnostic platform, which will facilitate identification and detection of pathogenic strains. The wzx and wzy genes of E. coli serogroups O2 and O28ac can be used as diagnostic markers in PCR assays for rapid identification of these serogroups as an alternative to sertoyping or to confirm serotyping results. Additionally, the multiplex PCR assays targeting the O2 and O28ac wzx and wzy genes in combination with STEC-EHEC and EIEC virulence genes can potentially be used to identify and detect pathogenic strains of these serogroups in food, fecal, and environmental samples.
